Plant seed cells amass storage proteins that are synthesized on the endoplasmic reticulumn (ER) and then transported to protein storage vacuoles (PSVs). Many dicotyledonous seeds contain 11S globulin (11S) as a major storage protein. We investigated the accumulation behaviors of pea and pumpkin 11S during seed maturation and compared them with soybean 11S biogenesis (Mori et al., 2004) . The accumulation of pea 11S in seeds was very similar to that of soybean 11S at all the development stages we examined, whereas pumpkin 11S condensed in the ER. The determinant of accumulation behavior might be the surface hydrophobicity of 11S. Further, we examined the accumulation of 11Ss in tobacco BY-2 cells to analyze behavior in the same environment. 11Ss expressed in BY2 cells were all observed in precursor form (pro11S). Pro11S with high surface hydrophobicity might be transported to vacuoles in a multivesicular body-mediated pathway when the expression level remains low.
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Various plant proteins are synthesized on the endoplasmic reticulum (ER) and transported to vacuoles. PSVs exist in seed cells, where storage proteins accumulate to extremely high levels. Storage proteins are classified into four groups on the basis of solubility: albumins, globulins, prolamins, and glutelins. 1) Of these groups, globulins are the major storage proteins in dicotyledonous seeds, and they are further classified into the 11S and 7S classes. 11S and 7S are transported to PSVs by vesicles. In soybean and pea cotyledon cells, traffic to the PSV occurs via the Golgi using dense vesicles (DVs), 2, 3) which contain highly condensed proteins. Furthermore, multivesicular bodies (MVBs) mediate the transport of 11S and 7S to PSVs in pea cotyledon cells. 4) Soybean cotyledons have structures analogous to MVBs, which might also function in storage protein deposition.
3) Previous studies have identified several factors, including vacuolar sorting signals and receptors, which are essential for the Golgidependent vacuolar sorting mechanism. 5) In addition, plant cells also have a Golgi-independent vacuolar transport pathway. 6) In pumpkin cotyledon cells, 11S is transported to the PSV by ER-derived precursor-accumulating (PAC) vesicles, which contain condensed 11S and are surrounded by ER membranes. 7) PAC vesicles have a vacuolar sorting receptor, PV72, which interacts with seed storage proteins and recycles between the Golgi and PAC vesicles. 8, 9) Five major subunits of soybean 11S have been identified. They are classified into two groups according to their amino acid sequences (group I, A1aB1b, A1bB2 and A2B1b; group II, A3B4 and A5A4B3). The constituent subunits of soybean 11S are synthesized as a single polypeptide precursor, and the signal peptide is removed cotranslationally in the ER. The resulting polypeptide assembles into a trimer (pro11S). Pro11S is sorted to the PSV, where it is transformed to mature 11S. We have found that 11S was transported to the PSV via the Golgi in soybean cotyledon cells, and that this transport was mediated by DVs and post-Golgi compartments.
3) In addition, a subset of group I-rich 11S species was incorporated into protein bodies (PBs) in the ER, which are analogous to PAC vesicles. These distinct behaviors of 11S in vacuolar sorting events have been reported to vary between species, in particular between pea and pumpkin cotyledon cells. 6 ) Soybean ER-derived PBs were frequently observed at the late maturation stages in soybean cotyledon cells, suggesting that the difference in the formation of the ER-derived structures between pea and pumpkin seeds might depend on the developmental stages that were investigated by the two research groups. Hence, the accumulation behavior of 11S during the course of development of pea and pumpkin cotyledon cells should be analyzed to allow direct comparisons with our previous studies of soybean cotyledon cells in order to elucidate the formation mechanism and the role of ER-derived structures.
In this study, we analyzed the accumulation behavior of 11S at different developing stages of pea and pumpkin cotyledons using immuno-electron microscopy and compared them to those of soybean. There is a possibility that vacuolar proteins other than 11S affects vacuolar sorting behaviors in seed cells. Hence, we also used tobacco BY-2 cells to analyze the vacuolar sorting behaviors of 11S of soybean, pea, and pumpkin under the same cellular conditions. We discuss the reasons for the distinct behaviors of 11Ss among plant species.
Materials and Methods
Plant materials. Pea (Pisum sativum L.), pumpkin (Cucurbita cv. Miyako), and soybean (Glycine max.) plants were grown in the field. Pumpkin and pea cotyledons of maturing seeds were harvested from 18 to 28 and from 18 to 25 d after anthesis respectively. The seeds were harvested and the cotyledons processed for electron microscopy and biochemical studies. Tobacco BY-2 (Nicotiana tabacum cv. Bright Yellow 2) cells were cultured in Murashige-Skoog (MS) medium in a shaker at 130 rpm at 27 C in the dark.
Preparation of anti-pro11S sera. Total RNA was isolated from pumpkin and pea developing seeds as described previously, 10) and cDNA encoding 11S was obtained by RT-PCR amplification using the following primers (BamHI site is underlined): pea11SN, 5
0 -TTGA-GAGAACAGCCACAGCAAAAT-3 0 ; pea11SC, 5 0 -CGGGATCCAA-TCTAAGCCGAAG-3 0 ; pumpkin11SN, 5 0 -CAGATTGAGCAGCA-GAGCC-3 0 ; and pumpkin11SC, 5 0 -CGGGATCCATTTTCACTCTC-TTC-3 0 . The amplified products were blunted and then digested with BamHI. The DNA fragments were inserted into the NcoI (filled-in) and BamHI sites of pET-21d vector to construct pEpumpkin11S and pEpea11S.
To prepare antisera against pumpkin pro11S, pEpumpkin11S was transformed into E. coli Origami(DE3). The cells were disrupted by sonication and the proteins were fractionated using ammonium sulfate. The precipitate (5-30% saturation) was dissolved in buffer A (50 mM phosphate buffer, pH 7.6, 1 mM EDTA, 0.1 mM (p-aminophenyl) methanesulfonylfluoride hydrochloride (p-APMSF), 1.2 mM leupeptin, and 0.2 mM pepstatin A), and dialyzed against the same buffer. The dialysate was applied to a Q-Sepharose column (GE Healthcare, Buckinghamshire, UK) equilibrated with buffer A. The bound proteins were eluted with a linear gradient of 0.1-0.5 M NaCl in buffer A. The purified protein was used in the immunization of rabbits.
To prepare an antiserum against pea pro11S, pEpea11S was transformed into E. coli BL21(DE3). The expressed proteins were fractionated as described above. The precipitate (40-50% saturation) was dissolved, dialyzed, and applied to a Q-Sepharose column, as described above. The bound proteins were eluted with a linear gradient of 0.2-0.45 M NaCl in buffer A. Fractions containing pea pro11S were collected and dialyzed against buffer B (35 mM phosphate buffer, pH 7.6, 0.2 M NaCl, 1 mM EDTA, 0.1 mM p-APMSF, 1.2 mM leupeptin, and 0.2 mM pepstatin A). The dialysate was applied to a MonoQ column (GE Healthcare) equilibrated with buffer B. The bound proteins were eluted with a linear gradient of 0.2-0.45 M NaCl in buffer B. Purified pro11S was used to immunize the rabbits.
SDS-PAGE and Western blot analysis. Protein extraction from seed cotyledons and E. coli and estimation of the protein concentrations were performed as described previously.
3) SDS-PAGE and immunological detection were performed as described previously, 3) using anti-pea pro11S and anti-pumpkin pro11S sera.
BY-2 cells were harvested by vacuum filtration. Four day-old cells (0.5 g) were resuspended in 1.0 ml of an extraction buffer (50 mM Tris-HCl, pH 7.6, 0.5 M NaCl, 0.5 mM leupeptin, 0.2 mM pepstatin A, and 0.1 mM p-APMSF) and disrupted by sonication. Homogenates were centrifuged and the supernatants were collected. SDS-PAGE and immunological detection were performed as described above using the following antisera: anti-proA1aB1b, anti-pea pro11S, antipumpkin pro11S, and anti-BiP sera. Proteins were detected by ECL plus (GE Healthcare). Protein concentrations were estimated using a Protein Assay Rapid Kit (Wako, Osaka, Japan) with BSA as a standard.
Immunoelectronmicroscopy. Immunoelectron microscopic analysis of pea and pumpkin cotyledon cells was performed as described previously, 3) using anti-pea pro11S and anti-pumpkin pro11S sera.
Surface hydrophobicity. Recombinant proA1aB1b, proA2B1a, pumpkin, and pea pro11Ss were extracted from E. coli as described above. These proteins were precipitated using ammonium sulfate (5, 10, 20, 30, 40 , and 50% saturation). After centrifugation, the supernatants were collected and mixed with an equal volume of 2Â SDS-PAGE sample buffer. The precipitates were dissolved in SDS-PAGE sample buffer to the same volume as the supernatant samples. SDS-PAGE and immunological detection were performed as described above.
BY-2 transformation. Plasmid pFF19G 11) was digested with BamHI and HindIII. The digested DNA fragment containing the 35S promoter with the duplicated enhancer was inserted into pBluescript SK (Stratagene, La Lolla, CA). The coding sequence of the 35S promoter with the duplicated enhancer of the plasmid was amplified by PCR using 5 0 -AGAGGATCCGGTCGACGGTATCGATAAGCTTGCC-3 0 (BamHI site underlined) and 5 0 -AAGCTCGAGAGAGATAGATTTG-TAG-3 0 . The amplified products were digested with BamHI. pEA1aB1b and pEA2B1a were obtained as described previously. pEpumpkin11S and pEpea11S were obtained as described above. The signal peptide coding sequences were added to these 11S coding sequences by PCR using the following primers containing them (underlined): A2B1aSP1, 5
0 . The DNA products were ligated and used as templates in subsequent PCR amplification. Plasmid pUA1aB1b for A1aB1b with the signal peptide was used as a template in subsequent PCR amplification. The coding sequences of 11S with the signal peptide were amplified using the following primers (NotI site underlined):
0 ; and Pea11SC, 5 0 -ATAG-TTTAGCGGCCGCCTAAGCCGAAGCTCTGTTCTCAGAC-3 0 . The amplified products were digested with NotI and inserted with the BamHI digested products of 35S promoter with the duplicated enhancer between the NotI and BamHI sites of modified pBluesGFP(S65T)-NOS SK. 12) Fragments of the plasmids digested with BamHI and ApaI were inserted into pZHG, and were used to transform Agrobacterium tumefaciens LBA4404. Transformation of BY-2 cells was performed as described previously. 13) Hygromycin-resistant colonies were obtained and GFP fluorescence was observed. Colonies exhibiting fluorescence were transferred to fresh solid culture medium containing hygromycin every 2 weeks for 1 month. Selected colonies were transferred to liquid medium and inoculated once a week.
Semiquantitative RT-PCR. Four day-old cells (2.0 g) were harvested by vacuum filtration and ground under liquid nitrogen. Total RNA was prepared from frozen powdered cells using Trizol reagent (Invitrogen, Carlsbad, CA), as described previously. 14) 11S coding cDNAs were synthesized from total RNA using the following primers: A1aB1bN, A1aB1bC, A2B1aN, A2B1aC, Pumpkin11SN, Pumpkin11SC, Pea11SN, and Pea11SC. For semiquantitative measurements of the transcript levels, PCR amplifications were performed using LA Taq polymerase (Takara Bio, Shiga, Japan) for 30 cycles. The products were detected by agarose gel electrophoresis.
Gel filtration. Protein extraction from BY-2 cells was performed as described above. Gel filtration was performed as described previously. 15) Extracts were subjected to a Sephacryl S-300 HR gel filtration column (GE Healthcare) at a flow rate of 0.5 ml/min using a buffer (35 mM sodium phosphate buffer, pH 7.6, containing 0.4 M NaCl, 1 mM EDTA, 0.02% w/v NaN 3 , 0.1 mM pepstatin A, 10 mM 2-mercaptoethanol, and 0.1 mM p-APMSF) as eluent. Proteins in the collected fractions were detected by SDS-PAGE and subsequent immunological detection using the following antisera: antiproA1aB1b, anti-pea pro11S, and anti-pumpkin pro11S sera.
Wortmannin treatment. Packed 4-day-old BY-2 cells (1.5 ml) per 5 ml of culture medium were prepared by spontaneous sedimentation. Wortmannin (Sigma, Tokyo) was dissolved to 20 mM in DMSO and added to a final concentration of 33 mM to the cell suspension. The cells were incubated for 4 h in a shaker at 27 C, followed by spontaneous sedimentation. The culture medium was collected and filtered to remove cells completely using MILLEX-GV (0.22 mm, Millipore). The proteins in the medium were precipitated by TCA treatment and subsequently dissolved in SDS-PAGE sample buffer. The samples were subjected to SDS-PAGE and subsequent immunological detection using the following antisera: anti-proA1aB1b, anti-pea pro11S, and anti-pumpkin pro11S sera. Recombinant proA1aB1b was incubated in BY-2 cultured or non-cultured medium for given lengths of time (0.5, 4, and 24 h). The proteins in the medium were separated by SDS-PAGE, followed by CBB staining.
Results

Accumulation behaviors of 11S in seed cells
To detect 11S in plant cells, we prepared anti-pumpkin pro11S and anti-pea pro11S sera (see ''Materials and Methods'' above) and analyzed as to their specificities (Fig. 1) . The anti-pumpkin pro11S serum recognized the precursor of pumpkin 11S and the mature form equally well (Fig. 1, lanes 1 and 2) , whereas anti-pea pro11S serum strongly recognized the precursor of pea 11S and mildly the mature form (Fig. 1, lanes 3 and 4) .
Developing pea cotyledons were classified into four stages depending on the accumulation level of seed storage protein in the PSVs, as described previously. 3) Proteins accumulated at the periphery (stage I), near the periphery (stage II), roughly inside (stage III), and finally filled the PSV (stage IV). The process of protein accumulation in pea PSVs was similar to that of soybean cotyledons, where proteins accumulated at the periphery (stages I and II) and then inside the PSVs (stages III and IV) ( Fig. 2A) . This process is consistent with a previous report. 16) 7S was the major storage protein expressed during the early stages, and the ratio of 11S to total proteins increased from the earlier to the later stages, mainly stages III-IV (Fig. 2B ). This process was also similar to that for soybean.
3) To analyze 11S localization in developing pea cotyledon cells, we did immunoelectron microscopic analysis using anti-pea pro11S serum. Consistently with previous results, 2,4) the antiserum recognized two types of structures: DVs (data not shown) and MVBs (arrows in Fig. 3A ). Internal vesicles with a diameter of 30-50 nm in the MVBs were observed in the translucent region but not in the electron-dense region of the MVBs (Fig. 3B and C) , and were observed at all stages during protein accumulation in the MVBs (Fig. 3C-E) . In contrast, no PAC vesicles were observed at any of the four stages in the pea cotyledons.
Electron microscopic analysis of developing pumpkin cotyledon cells was done as described above (Fig. 4) . There was a striking contrast in the protein accumulation process in PSVs between pea and pumpkin cotyledon cells ( Figs. 2A and 4A ). Highly electron-dense regions were observed in the pumpkin PSVs (Fig. 4A) , suggesting that the pumpkin proteins formed aggregates in the PSV even at the early stages. Subsequently, the accumulation of proteins progressed in electron-translucent regions between the aggregates and PSV membranes (Fig. 4A ). An SDS-PAGE profile of total proteins at the various stages of the developing cotyledons indicated that the pumpkin seeds accumulated 11S to a high degree during early stages I and II, as compared with pea and soybean seeds (Figs. 2B and 4B; Mori et al., 2004) . These data suggest that mature pumpkin 11S forms aggregates in the PSV similarly to pumpkin pro11S in the ER. To analyze 11S localization in developing pumpkin cotyledon cells, we performed immunoelectron microscopic analysis using anti-pumpkin pro11S serum (Fig. 5) . Two types of structures were observed (arrowhead and arrow in Fig. 5A ), and these were labeled with antiserum distinct from the PSV (Fig. 5B, C) . The first type of vesicle was electron-dense vesicles surrounded by ER membranes, which we designated PAC vesicles (arrowhead in Fig. 5A; Fig. 5B ).
7) PAC vesicles were observed at high frequency during stages I-II, but not at stages III-IV. The second type was similar to the PAC vesicles in size, but was not surrounded by ER membranes (arrow in Fig. 5A ), and sometimes contained a translucent region (Fig. 5C ). This structure was morphologically similar to the MVBs we observed in the pea cotyledon cells (Fig. 3) . These data suggest that vacuolar transport of 11S was mediated not only by PAC vesicles but also by MVBs in the pumpkin cotyledon cells. In contrast, DVs were observed in the cells, but had no specific labeling with the anti-pro11S serum.
These results basically coincide with reports by various groups, 2, 4, 7, 16) indicating that pumpkin and pea exhibit intrinsic transport pathways and soybean exhibits an intermediate pathway.
Pro11S of soybean formed aggregates in ER-derived PBs
Pumpkin pro11S and part of soybean group I-rich pro11S were observed in ER-derived structures in the seed cells (Fig. 5B) . 3) We assessed the assembly status of pro11S in soybean ER-derived PBs to determine whether aggregation would cause the formation of the ER-derived PB, as frequently observed in developing seeds of 11S group I-rich mutants and sometimes remained even in the mature seeds, 3) since pumpkin mature seeds do not contain the ER-derived PB, as we observed in this study. Proteins were extracted from mature seeds of the 11S group I-rich mutant (7S null mutant) and were fractionated by gel filtration, followed by SDS-PAGE and immunological detection. Purified proA1aB1b expressed in E. coli and also mature forms of 11S were detected in fractions 25-27 and 22-23 respectively (Fig. 6) . Most pro11S from mature seeds was detected in fractions 16 and 17 (Fig. 6) , indicating that pro11S in ER-derived PBs form higher-order aggregates than trimers or hexamers. In addition, a small amount of pro11S was detected in fractions 18-23. The intensities of the protein bands in fractions 17-21 decreased in the presence of 2-ME in the gel filtration buffer (Fig. 6) , suggesting that disulfide bonds contribute to aggregation of pro11S. These results suggest that pro11S formed heterogeneous aggregates of various sizes in the soybean ER-derived PBs.
Accumulation of 11S in transgenic BY-2 cells is inversely proportional to surface hydrophobicity
11S from soybean, pea and pumpkin exhibited distinct behaviors in developing seed cells (Figs. 2-5 ).
3) We cannot exclude the possibility that the distinct behaviors of 11S from different species resulted from differences in the environment within the ER and the PSV rather than from the physicochemical properties of 11Ss. Hence, to determine the nature of the observed differences, we analyzed the various proteins expressed in the same environment. Probably Arabidopsis is most suitable for this purpose, but Arabidopsis contains 11S. We did not employ Arabidopsis, since its authentic 11S forms hybrid 11S with the exogenous 11S expressed. Hence, we transformed tobacco BY-2 cells with the following 11Ss: A1aB1b, A2B1a, pea 11S, and pumpkin 11S. A1aB1b and A2B1a are the most hydrophilic and hydrophobic respectively among soybean 11S group I subunits. 17) Immunologic analysis was performed to compare the accumulation levels of the 11S in transgenic BY-2 cells (Fig. 7) . A1aB1b and A2B1a belong to the same group, the 11S group I, based on sequence homology. Anti-proA1aB1b serum recognized proA2-B1a at a level of 20% of proA1aB1b (data not shown). Hence, we used anti-proA1aB1b serum to detect proA2B1a. In this experiment, recombinant pro11S expressed in E. coli was used as the standard, and the band intensity of 100 ng of pro11S was used to normalize the experiments. Immunodetection of protein extracts from transgenic BY-2 cells clearly identified A1aB1b and pea 11S, whereas pumpkin 11S was less abundant. Furthermore, the proteins observed corresponded to the predicted sizes for the pro11Ss (Fig. 7A) . We designated these proteins pro11S. Pumpkin pro11S was more clearly detected using highly sensitive chemiluminescent Western blotting detection (Fig. 7A,  lane 11) . In contrast, A2B1a was not detected at all even by the most sensitive detection methods. To determine whether the accumulation levels depended on the transcription levels, we performed semiquantitative RT-PCR analysis of transgenic BY-2 cells. There was no significant difference in the transcription levels of pro11S from the various species when heterologously introduced into BY-2 cells. Non-specific band amplification caused by contamination of BY-2 cell DNA in the total RNA was not observed (Fig. 7B, lanes 5-8) . This suggests that the differences in the accumulation levels A B To assess the assembly status of pro11S, protein extracts from transgenic BY-2 cells were analyzed (Fig. 8 ). ProA1aB1b and pea pro11S were detected in fractions 24-27, and pumpkin pro11S was detected in fractions 27 and 28. The fractionation pattern of pumpkin pro11S was compared with that of pumpkin pro11S expressed in E. coli, since the size of the pro11S trimer was smaller than those of the soybean and pea pro11S trimers, indicating that the patterns were similar to each other (data not shown). These results indicate that these proteins assembled correctly into trimers in the transgenic BY-2 cells.
We have determined that the formation of soybean protein bodies (PBs) was influenced by the solubility of pro11S, 3) but this assumption was based on the solubility of the mature form.
18) Prak et al. analyzed the physicochemical properties of five subunits of soybean pro11S, 17) and reported that the surface hydrophobicity of proA2B1a was much higher than those of the other four subunits. Since the surface hydrophobicity of proteins might influence their aggregation, we compared the surface hydrophobicity of proA1aB1b, proA2B1a, pumpkin pro11S, and pea pro11S by protein fractionation using ammonium sulfate (Fig. 9) . In this experiment, proA2B1a and pumpkin pro11S were precipitated by ammonium sulfate at 30% and 40% saturation respectively. Pea pro11S and a small amount of proA1aB1b were precipitated by ammonium sulfate at 50% saturation. This indicates that the hierarchy of surface hydrophobicity is as follows: proA2B1a > pumpkin pro11S > pea pro11S and proA1aB1b. ProA2-B1a was not detected in transgenic BY-2 cells, and the accumulation of pumpkin pro11S was low, suggesting that the high surface hydrophobicity associated with these proteins prevents the accumulation of these proteins in transgenic BY-2 cells.
Pro11Ss were transported to vacuoles in a wortmannin-sensitive pathway
To test whether all the 11S species used in this study were transported to vacuoles in the same way, we treated BY-2 cells with wortmannin, which inhibits MVBmediated vacuolar sorting pathways and causes the secretion of some kinds of vacuolar proteins. 19, 20) Wortmannin treatment of transgenic BY-2 cells caused secretion of pro11S to the medium (Fig. 10A) with the exception of proA2B1a, which was not detected. Of the secreted 11S species, only proA1aB1b was digested in the culture medium (Fig. 10A) . To determine the reason for this cleavage event, we incubated purified recombinant proA1aB1b with fresh culture medium or conditioned medium that had been used to grow the cells. The protein was digested only when incubated with the conditioned medium (Fig. 10B) , suggesting that proA1aB1b was digested by enzymes secreted by BY-2 cells. These results together with those for the seed Proteins were extracted from seeds and subjected to gel filtration. Fractions were collected every 5 min and subjected to SDS-PAGE, followed by immunological detection using the various anti-pro11S sera. Purified recombinant proA1aB1b expressed in E. coli assembled into trimers. Mature 11S was purified from cv. Shirotsurunoko. Soybean proteins were extracted from mature seeds of a soybean mutant lacking 7S 0 and in the presence and the absence of 2-ME. Void, void volume determined using blue dextran (2,000 kDa); BSA, bovin serum albumin (67 kDa).
cells suggest that Pro11S with high surface hydrophobicity can be transported to the vacuoles in a multivesicular body-mediated pathway in plant cells when the expression level remains low.
Discussion
ER-derived PB formation in plant cells
Previous reports have shown that 11S globulins are transported to PSVs in seed cells via two pathways: Golgi-dependent and Golgi-independent. 6) We have suggested that there is a relationship between the observed transport vesicles and the stage of seed development.
3) Hence, to test the distinct vacuolar sorting behaviors of 11S, we first analyzed the developmental stages of pea and pumpkin seeds in the same way as employed for soybean cells. Electron microscopic analysis of developing pea and pumpkin cotyledon cells showed that there was a difference in the protein accumulation processes in the two PSVs (Figs. 2  and 4 ). Protein aggregates were observed in pumpkin PSVs at all developmental stages. In contrast, the protein accumulation process in pea PSVs was similar to that of soybean in that protein aggregates were not observed in the PSVs (Fig. 2A) . Pumpkin proteins also formed aggregates in the ER (Fig. 5) , leading to the formation of PAC vesicles composed mainly of pro11S. 7) These data suggest that both the precursor and the mature forms of pumpkin 11S form large aggregates. Pumpkin pro11S had higher surface hydrophobicity than pea pro11S (Fig. 9) , and 11S was the dominant species in the pumpkin cotyledon cells (Fig. 4B) . Hence, we propose that pumpkin pro11S readily interacts with itself and forms aggregates within the ER, early in biogenesis process.
In plant cells, ER-derived structures containing storage proteins have been reported. 21) Cereal crop seeds contain prolamins, water-insoluble hydrophobic proteins. Maize seeds store zeins, a class of prolamins including four molecular species (, , , and ).
22)
Wheat prolamins and zeins are incorporated into ERderived PBs in seed cells. 22, 23) -and -zeins are also incorporated into ER-derived PBs in transgenic dicotyledonous tobacco and Arabidopsis leaves. [24] [25] [26] These PBs were not observed in non-transformed cells, suggesting that the presence of a storage protein induced formation of this intracellular compartment. -Zein has an N-terminal PPPVHL-repeated domain and a hydrophobic C-terminal cysteine-rich domain. These domains play roles in protein-protein and membraneprotein interactions.
26) The surface hydrophobicity of pumpkin pro11S was high (Fig. 9) , suggesting that pumpkin pro11S forms the aggregate by self-interaction in the ER. Proteins were extracted from transgenic BY-2 cells and subjected to gel filtration. Fractions were collected every 5 min and subjected to SDS-PAGE, followed by immunological detection using the various anti-pro11S sera. Purified recombinant proA1aB1b expressed in E. coli was a control for trimers. Void, void volume determined using blue dextran (2,000 kDa); BSA, bovin serum albumin (67 kDa). A, Transgenic BY-2 cells were incubated in the presence (+) and the absence (À) of wortmannin for 4 h. Proteins in the culture medium were precipitated using TCA, and were subjected to SDS-PAGE and subsequent immunological detection with anti-pro11S serum. B, Purified recombinant proA1aB1b was incubated with BY-2 cultured medium and BY-2 non-cultured medium and then detected by SDS-PAGE, followed by immunological analysis using ECL plus. The cultured medium contained secretions from BY2 cells.
In soybean cotyledons, some pro11S was incorporated into ER-derived PBs and formed aggregates, probably due to the specific physicochemical properties of the component subunits. 3, 17, 18) Pumpkin pro11S had a higher hydrophobicity than pea pro11S or proA1aB1b (Fig. 8) , suggesting that it is more prone to form aggregates than the other two. Soybean 11S group I consists of three subunits (A1aB1b, A1bB2, and A2B1a); proA2B1a and proA1bB2 are more hydrophobic than proA1aB1b and the precursors of 11S group II. 17) ProA2B1a is more hydrophobic than pumpkin pro11S (Fig. 8) . In plant seeds, pro11S forms homo-and hetero-trimers composed of several subunits within the ER. This suggests that pro11S group I-rich species tend to have high hydrophobicity and are liable to form large aggregates. This might be the reason a large number of PBs exists in soybean mutants rich in 11S group I.
Soybean ER-derived PBs and pumpkin PAC vesicles accumulate highly condensed pro11S (Fig. 5) .
3) Electron microscopic analysis indicated that protein aggregates did not exist in the ER of the transgenic BY-2 cells (data not shown), where the expression levels were much lower than in the seed cells. These data suggest that pro11S did not form large aggregates in BY-2 cells, and was subsequently transported to the vacuoles via the Golgi. It has been reported that intracellular deposition is tissue and plant species dependent. [27] [28] [29] The difference in plant cell types also might affect the presence of protein aggregates. We should examine the differences in character depending on plant cell types to determine the membrane traffic of 11S.
Multivesicular body and dense vesicles in seed cells
MVBs have been described in developing pea cotyledon cells. 4) In this study, we similarly observed MVBs in both pea and pumpkin cotyledon cells (Figs. 3 and 5) that were labeled with anti-pea or pumpkin pro11S serum. This type of structure, which has both translucent and electron-dense regions, was also observed in developing soybean cotyledons, where we called it the SDB.
3) It has been reported that internal vesicles exist in the electron-dense regions of pea MVBs, 4) even though they were not observed in this study. The SDBs contained internal vesicles in electrondense regions, 3) indicating that soybean SDBs share some morphological characteristics with MVBs. The internal vesicles were 30-50 nm in diameter in pea and soybean cotyledon cells (Fig. 3) , lacked electron-dense regions, and were not labeled with anti-pro11S serum, suggesting that the vesicles did not contain storage proteins at levels sufficient to be detected. We also observed MVBs and DVs in pumpkin cotyledon cells, even though ER-derived bodies were more prevalent (Fig. 5) . 7) Although specific labeling to DVs with antipumpkin pro11S serum was not observed in pumpkin cotyledon cells, we cannot exclude the possibility that DVs mediate the vacuolar transport of pumpkin pro11S. The absence of specific labeling of DVs with antipumpkin pro11S serum in pumpkin cotyledon cells might have been an artifact of antigen abundance and/or preservation.
Degradation of pro11Ss in transgenic BY-2 cells
The accumulation of different species of pro11S expressed in transgenic BY-2 cells differed among the molecular species. Of the pro11S species, pumpkin pro11S accumulated to significantly lower levels than proA1aB1b or pea pro11S (Fig. 7) , and no proA2B1a was detected (Fig. 7) . The surface hydrophobicity of pumpkin pro11S and proA2B1a was higher than that of proA1aB1b or pea pro11S (Fig. 9) , implying that accumulation levels are related to surface properties. The low level of accumulation of proA2B1a and pumpkin pro11S may be explained partly by degradation; some newly synthesized proteins that cannot fold correctly are degraded by ER-associated degradation (ERAD). 30, 31) The hydrophobic surfaces of misfolded proteins are recognized by BiP, which functions in ERAD. This degradation system exists in plant cells, 32, 33) and proteins with high surface hydrophobicity can readily become substrates for ERAD in BY-2 cells. The same system by ERAD described above might not exist in seed cells, because pumpkin pro11S accumulates and makes aggregates in the ER. There is a possibility that this relates to the sorting mechanism of seed storage proteins such as pumpkin 11S from the ER to the seed storage vacuole.
Alternatively, there is a possibility of vacuolar sorting degradation. The pro11Ss leave the ER and are targeted to the vacuole via a MVB-mediated pathway, as indicated by wortmannin treatment. Pea pro11S and proA1aB1b are relatively stable against vacuolar hydrolysis, but proA2B1a and pumpkin pro11S rapidly degrade after reaching the vacuole.
